ABSTRACT: Environmental conditions experienced in early life affect growth and influence life history strategies, especially in seasonal environments. We studied the seasonal and sexual variation in resource allocation in juvenile southern elephant seals to investigate whether they show a seasonal decline in growth. We also examined whether sexual differences in growth may lead to separate growth strategies that suit each sex in maximizing fitness. We examined the variation in length (as a measure of somatic growth), body mass and condition of 470 individual 1-to 4-yr-old elephant seals relative to their different growth strategies. Applying a novel growth function, we observed increased somatic growth in summer compared to winter. Males were larger, had higher proportions of lean tissue and grew faster than females, demonstrating the evolution of a male growth strategy of attaining maximum size quickly, and a female strategy of achieving primiparity at an early age. This evidence supports the idea that seasonal patterns reflect seasonal variation in prey availability and quality, and differential growth strategies promote optimal resource allocation and increase an individual's probability of survival and future breeding success in the highly dynamic and seasonal Southern Ocean.
INTRODUCTION
Quantifying somatic growth and variation in bodymass is a fundamental component of understanding the life history of a species (Peters 1983) . How rapidly an individual progresses from juvenile to adult status is a trade-off between allocation of resources for somatic growth versus development of reproductive potential (Stearns 1992) . In other words, an individual can spend more time growing to a larger size, or it can divert resources to reproduction or preparation for reproduction and sacrifice achieving larger body mass quickly. The resolution of this trade-off is particularly important where food availability and energy use limit survival and reproductive output (Boyce 1985) . Juvenile growth, regarded here as changes in body mass or length with age, can be an important element affecting survival (Lindström 1999 , Hall et al. 2001 , McMahon et al. 2003 , reproductive performance and, ultimately, rates of population change (Sand 1996 , Boyd 2000 , Post & Parkinson 2001 .
Growth can be influenced by both intrinsic (age, sex and developmental physiology) and extrinsic (seasonal and annual environmental variation, and changes in food availability and quality) factors (Caughley & Sinclair 1994) . For example, seasonal growth can affect reproduction and survival for many species (Lindström 1999) , although previous studies have focused mainly on small predators or long-lived herbivores. Such studies are difficult with large free-ranging predators, due to the need for long-term data, along with high frequency of captures within annual cycles and across extreme environmental gradients (Caughley & Sinclair 1994) .
The Southern Ocean is a highly dynamic environment that has broad-and fine-scale spatio-temporal fluctuations in various physical properties of the regional water masses (Rintoul et al. 1997 ) and sea ice cover (Arrigo et al. 1998 ) that influence the diversity, distribution and abundance of the biological communities (Rodhouse & White 1995 , Arrigo et al. 1998 . The southern elephant seal Mirounga leonina is an apex predator in the Southern Ocean (Bradshaw et al. 2003) . Due to its haul-out patterns and availability for capture, it is an excellent model species for studying intrinsic and extrinsic influences determining juvenile growth strategies in an extremely seasonal environment.
Juvenile southern elephant seals have a distinct annual cycle that is a strongly influenced by the selective pressures of resource limitation and intra-specific competition (Field et al. 2005a ). The species is highly sizedimorphic and polygynous, with mature males that may be 8 to 10 times heavier than females. To achieve this superlative dimorphism, the sexes have vastly different growth rates during the juvenile and sub-adult stages. Initially however, male and female seals grow at similar rates, with females exhibiting a conventional mammalian growth curve with a reduction of growth rate toward puberty (Bell et al. 2005) . However, male growth accelerates exponentially after 4 yr of age until maximum body size is reached at approximately 10 yr (McLaren 1993 and references therein).
For southern elephant seals, population status and rate of population change are mediated mostly by food resource availability and references therein). The food supply effect may be observed in growth-related factors such as changes in age at primiparity, fecundity and survival. The survival of juvenile (1 to 3 yr) southern elephant seals is the most important factor influencing the rate of change in the declining elephant seal population at Macquarie Island (McMahon et al. 2003) . As it progresses from juvenile stages toward maturity, an individual's growth rate, and ultimately, its adult body size, may be influenced by ontogenetic changes in morphology and physiology, due to the selective pressures driving sexual dimorphism, metabolic requirements, foraging behaviours that reduce intra-specific competition, the availability of prey, or a combination of these factors (Hindell et al. 1994 , Field et al. 2005a . Therefore, it is hypothesized that the sensitivity of juveniles to variation in environmental conditions results from their higher energetic requirement for growth, lack of foraging experience and the need to adjust behaviour in response to continuous morphological, physiological and hormonal changes (Brafield & Llewellyn 1982) .
Several functions have been used to describe the growth of pinnipeds (reviewed in McLaren 1993); however, in the past all of these functions have been based on relatively small samples and have assumed that growth is constant throughout the year. Recent studies of other marine vertebrates, including fish and other seal species, have demonstrated a seasonal component to growth and have hence modified traditional growth curves to incorporate this seasonal variation (Beck et al. 2003 , Eveson et al. 2004 . Until now, the combined effects of intrinsic and extrinsic factors on juvenile growth, particularly in long-lived species, have been unclear. In this study we describe annual and seasonal growth in length, mass and the associated changes in body composition of southern elephant seals between the ages of 1 and 4 yr. We predict that (1) rates of gain for lean and blubber masses during summer and winter and (2) seasonal variation in resource patterns influence male and female growth trajectories differently, resulting in a divergence in growth toward earlier development and age of primiparity in females and large size in males. We then discuss these trends in light of the selective pressures associated with living in this highly challenging and variable Southern Ocean environment in which southern elephant seals spend more than 80% of their life cycle.
MATERIALS AND METHODS
Individual juvenile southern elephant seals (n = 470) of known age marked at either birth or weaning were captured between November 1999 and February 2001 as part of a long-term demographic study of the population on Macquarie Island (McMahon et al. 2003) . Some seals (n = 104) were also caught consecutively at the start of concurrent haul-outs, providing a smaller longitudinal dataset. Seals were caught and immobilized as they returned for their moult and mid-year haul-outs. Seals ranged in age from 13 to 46 mo at the time of capture and were subsequently allocated into 1-, 2-and 3-yr-old age groups and into moult and midyear or 'winter' haul-out categories. We assumed that the data collected at the start of the moult haul-out (November to December) would reflect austral winter foraging and associated growth, whereas data from the start of the mid-year haul-out (March to June) would be associated with summer foraging and growth.
Seals were caught by placing canvas bags over their heads (McMahon et al. 2000) and physically restraining them until prescribed doses of a 1:1 mixture of tiletamine and zolazepam (Telazol ® , Forte Dodge) were administered intravenously (Field et al. 2002) . Once immobilized, seals were weighed using a digital scale (±1 kg), and snout-tail lengths (STL; ±1 cm) were measured (Field et al. 2002) . All data presented in the text or tables are shown as x _ ± SD, and those in the figures as x _ ± 2 × SE.
Blubber mass as a percentage of body mass (body compostion). For 211 of the captured individuals (45%), serial lengths, girths and ultrasound measurements of blubber depth were made to calculate body composition (Gales & Burton 1987 , Field et al. 2002 . These morphometric measurements were made across 7 sections, with the head and hips to the base of the tail forming cones and the rest of the body sections forming truncated cones (Field et al. 2002) . Measures of blubber thickness corresponding with the girth measurements along the seal's dorsal side were obtained using an ultrasound backfat depth system (A-Scan Plus TM , Sis-Pro). This method assumes that all lipid energy reserves are stored in the blubber, which lies in the hypodermis over the whole body, except for the flippers that contain insignificant amounts of subcutaneous fat (Slip et al. 1992 , Field et al. 2002 . From these morphometric and ultrasonic measurements, total blubber and lean (or 'blubber-free') tissue volumes were calculated, and from these we estimated body composition expressed as the percentage of blubber by mass. This method also assumes that individuals are circular in cross-section. Total blubber mass (Slip et al. 1992 , Webb et al. 1998 ) was calculated by multiplying blubber volume by its density, taken as 0.95 g cm -3 (Gales & Burton 1987) . This technique has been validated with isotopic techniques in the calculation of body composition (Webb et al. 1998 ) and real measurements of blubber depth using a steel ruler (Mellish et al. 2004) , with a mean error of 0.01 ± 4.25%. Lean body mass was calculated by subtracting the blubber mass from the total body mass. Hereafter, we define blubber mass as fat mass, and lean or 'blubber-free' tissue as lean mass. Body composition is defined as fat mass as a percentage of total body mass.
Modelling rates of mass gain. To describe the general patterns of net mass, lean mass and fat mass gain while the seals were at sea, we used the mean arrival body mass and composition values from this study, and the mean haul-out duration, mass loss rate and body composition at the end haul-out for each sex and age group during the moult and mid-year haul-outs described in Field et al. (2005b) and in unpublished data for 3-yr-old males and females (Table 1) .
Seasonal growth. Because elephant seals are highly size dimorphic, we modelled the growth of males and females separately. We used a maximum likelihood approach, fitting a von Bertalanffy (vB; McLaren 1993) growth function (Eq. 1) to individual STL (L) and age in days (a) of the form:
( 1) where k and a 0 (the theoretical age at which length is 0) are constants. Female asymptotic lengths (L ∞ ) were assumed to be 2.57 m (Bell et al. 2005 ) and 3.11 m for To account for any potential bias in the cross-sectional data, we also present longitudinal data for changes in rates of STL gain for seals that were recaptured during consecutive haul-outs (n = 104). STL was measured at the start of each haul-out and calculated as a daily rate for the period between the captures. No statistical analyses were possible given the lack of consistent temporal windows among individuals over which growth rates could be calculated.
Body mass and composition changes. We compared the body mass (n = 470) and composition (n = 211) between sexes of 1-, 2-and 3-yr-old seals and between the 2 haul-out periods using generalized linear model (GLM) functions in the R software package (Ver. 2.2.1, R Development Core Team 2004). The models tested for significant effects of main factors (i.e. age, sex and haul-out) and all 2-and 3-way interactions, with body mass or composition as the response variable. Mass data were log-normally distributed, so we log-transformed these for model presentation. Examination of the residual plots suggested that a Gaussian error distribution with an identity link function was the most appropriate for the data.
There was no a priori reason to assume that a single model would describe the contribution of terms and their interactions to the response variables, so we used a robust multi-model-inference technique with AIC c to select the model(s) that were the best representation of our data (Burnham & Anderson 2002) . The selected models are shown with their AIC c w to indicate the importance of each model, and the percentage of deviance explained (%DE) as a measure of a model's goodness-of-fit. To determine the effect of any term deemed important in the explained variation in the response variable, we used information-theoretic evidence ratios derived from comparing models differing by only one term (Burnham & Anderson 2002) .
RESULTS
The 2-yr-old seals were the first age group to return for the annual moult (mean arrival date = 28 November ± 12 d), followed by the 3-yr-olds (5 December ± 11 d), and finally, the 1-yr-olds (10 December ± 15 d). Later in the year, the 1-yr-olds returned first for their mid-year haul-out (mean = 22 April ± 53 d), followed by the 2-yrolds (4 May ± 36 d) and the 3-yr-olds (26 May ± 50 d). The mean body mass and STL of male and female seals ranged from 167 ± 22 kg for 1-yr-olds (1.68 ± 0.09 m in length) at the start of their annual moult to 452 ± 84 kg (2.41 ± 0.15 m in length) for 3-yr-olds at the start of their mid-year haul-out. Body size (STL) and mass increased with age (between 1 and 4 yr) and there were some important differences between seasons, and a growth divergence between sexes (Table 1) .
Somatic growth
Male and female seals had similar STLs at 1 yr of age (males = 1.71 ± 0.08 m, females = 1.69 ± 0.09 m), but diverged in length with age. The sinusoidal vB curve (seasonal vB) allowing for seasonal differences fitted the data better than a general vB curve (Fig. 1) . Using the AIC c w evidence ratio, the seasonal vB growth model improved the fit for males and females (ER male = 198 and ER female = 1.92), and reduced the residual standard errors (Table 2 ). This seasonally adjusted vB growth curve shows that males grew rapidly after their annual moult (austral summer), but had reduced growth after their mid-year haul-out through the winter. Although females had a seasonal component to growth, this was less pronounced than for males. Furthermore, this seasonal influence appears to have reduced with age. These trends were also reflected in the daily STL growth rate (Fig. 2) based on longitudinal data (n = 104).
Age and sex differences in size
As for STL, there were important age, sex and seasonal differences in body mass (Table 1, Fig. 3 ). The top candidate models showed strong support for age, sex and haul-out effects, with the suggestion of some interactions (Table 3 ). All main terms had important contributions (ER age = 3.0 × 10 159 ; ER sex = 1.3 × 10 3 ; ER haul-out = 3.2 × 10 7 ), but only the sex×haul-out interaction had some support (ER = 256); however, adding this interaction to the single-term model only improved the %DE by approximately 0.5%. All other 2-and 3-way interactions had ER < 0.8). Therefore, there were overall increases in mass with age; males were larger than females and seals were larger in the mid-year than in the previous moult (Fig. 3a) . The sex × haul-out interaction was due to male and female masses being more closely aligned during the mid-year haul-out for 1-and 3-yr-olds than during the moult. Similar to somatic growth, males increased in mass more rapidly than females in the summer, but then did not increase in mass at a similar rate during the winter. There were also age, sex and haul-out differences in body composition (BC; Fig. 3b ). The top candidate models showed strong age, sex and haul-out effects (Table 3 ; ER age = 62; ER sex = 73; ER haul-out = 2.1 × 10 11 ), and support for age × sex (ER = 4.2) and age × haul-out (ER = 22.4) interactions. There was no evidence for sex × haul-out or 3-way interactions (all ER < 0.4) The 1-yr-old seals returned for their moult and mid-year haul-outs, and their BCs differed between these seasons (26.9 ± 2.7% and 30.1 ± 2.6% respectively), although male and female BCs were similar at these times. However, as individuals aged, male and female BCs diverged more noticeably, with females having a greater proportion of fat than males.
Modelled rates of mass gain
To describe rates of body mass, lean mass and fat mass gain (Table 4 , Fig. 4 ) for an average seal during the winter and summer, we used the overall mean body masses and BCs of the differentaged seals at the start of the moult and mid-year haul-outs, and mean haul-out durations, proportion of mass loss and BCs at the end of the respective haulouts (Table 1) . These modelled data clearly show that during summer the rates of body, lean and fat mass gain are almost double those observed during winter. Overall mass gain shows a similar pattern, with somatic growth increasing in summer and diverging between males and females. However, changes in mass gain for lean and fat tissue may be more important ecologically. For lean mass, males had increased gain in summer, but lower gain in winter than females. For fat mass there was again a similar pattern: males gained more fat mass in summer, although in winter their fat mass gain was similar to that of females.
DISCUSSION
To maximize their long-term fitness, animals need to find an optimal strategy for partitioning energy between daily maintenance, somatic growth, and storage. This optimal strategy is unlikely to remain constant throughout an individual's development; instead, it will need continuous adjustment as these conflicting Table 4 . Mirounga leonina. Overall mass, lean mass and fat mass gains over their summer and winter trips to sea for 1-, 2-and 3-yr-old southern elephant seals demands change. Ultimately, the amount of energy allocated towards growth can influence both the probability of survival and, in the long term, reproductive success. Furthermore, whatever the overall strategy, animals must be able to adjust their energy budgets to seasonal variation in food availability and quality. Although seasonal differences in growth have been found for many species (Stearns 1992) , these are often related either to reproductive or physiological state (intrinsic factors) or to environmental influences (extrinsic factors). There have been few studies examining the factors that influence growth simultaneously (once energy stores provided by maternal investment have been depleted) which would have large effects on an individual's survival and on population demography (Lindström 1999 , Crocker et al. 2006 . Southern elephant seals are long-lived predators that are active throughout the year during which time the long winter foraging migration (and moult haul-out) is followed by a shorter summer foraging migration (and mid-year haul-out). Foraging in an extremely seasonal nearpolar environment during these 2 phases therefore leads to the prediction that both seasonal and intrinsic factors play a complex and integrated role in dictating observed growth patterns. Seasonality in environmental conditions is a major influence on growth for many species (Stearns 1992 , Lindström 1999 through climatic changes that influence the energetic cost of thermoregulation (Sand 1996) and alter the availability or quality of food (Collins & Rodhouse 2006) . Primary productivity in the Southern Ocean is highly seasonal due to strong fluctuations in light intensity and ice cover (Arrigo et al. 1998 ) and influences the body condition and reproductive state of grazers such as Antarctic krill Euphausia superba (Kawaguchi et al. 2006) . Juvenile southern elephant seals from Macquarie Island spend around 90% of their time south of the Polar Front in summer and the majority (around 75%) of their time in winter between the Polar Front and the southern boundary of the Antarctic Circumpolar Current (Field et al. 2004) . Although little is known about the distribution of elephant seal prey in the Southern Ocean (Rodhouse & White 1995) , especially during winter, we have shown that juvenile seals grow faster in summer than in winter. Furthermore, our modelled data suggest that although the average time an individual spends at sea during winter is longer than during the summer trip (Field et al. 2005a) , summer mass gain is almost double winter mass gain. Although there is likely to be an intrinsic seasonal influence on mass gain, due to differences in energy use and storage resulting from different physiological processes operating during the moult and mid-year haul-outs (Field et al. 2005b) , we suggest that the greatest difference between summer and win- ter mass gains is due to reduced prey quality or availability in winter (Collins & Rodhouse 2006 ). This may be especially true for younger seals that may be unable to penetrate the denser pack ice in more southerly waters, due to physiological or thermoregulatory constraints this environment poses. Indeed, inter-annual variability in southern elephant seal weaning mass can be explained, in part, by variation in sea ice extent south of Macquarie Island that influences the region's productivity (Arrigo et al. 1998 ) during the key foraging period of pregnant females. We suggest further that this over-winter foraging period represents an energy-limiting time for juvenile seals beyond their first year of life. For many species, seasonal variation in growth patterns has been attributed to differences due to sex, age and physiological or reproductive state (Warrick & Cypher 1999 , Beck et al. 2003 , Peltier & Barboza 2003 , Veiberg et al. 2004 ). All juvenile mammals need to reach a certain anatomical size and body condition to reproduce successfully, but the rate at which they do so may influence their age at primiparity, lifetime fecundity or the probability of survival (Post & Parkinson 2001 , McMahon et al. 2003 . For juvenile southern elephant seals there are 2 main intrinsic influences on growth: (1) the allocation of energy for maintenance, thermoregulation, diving and moulting and, (2) although not directly related to breeding, the differential energy allocation for reproductive size and condition associated with this species' sexual dimorphism. In other words, juveniles are forced to balance the energy allocated to growth against storage during periods of resource scarcity (while ashore or at sea) or additional metabolic costs (e.g. moulting or foraging). Juvenile southern elephant seals fare relatively well in summer when they experience increased growth rates and accumulate more energy reserves. However, after their winter foraging trip they return with a greater proportion of lean tissue to blubber and a reduced overall mass gain. Although this may be due in part to reduced availability or quality of food, it may also be influenced by the extra energy required for moulting. This process requires more protein for the production of new epidermis and higher metabolic costs and heat loss associated with increased blood perfusion to the skin (Ling 1974) . As such, the resultant increasing energy loss may leave juveniles incapable of maintaining high rates of somatic growth preceding and during this time.
Body size increases reproductive success in highly dimorphic species (Stearns 1992) , where larger males have higher reproductive success (Clinton & Le Boeuf 1993) . For most pinnipeds, early growth and survival is influenced by maternal energy expenditure (McMahon et al. 2003) . After accounting for variation in parental expenditure, the time taken for a juvenile to reach reproductive size and condition may be the most important determinant of lifetime breeding success and survival (Lindström 1999) . A recent review of sexual segregation (Rucksthul & Neuhaus 2000) highlighted the potential of differential activity budgets (e.g. in foraging) to influence the allocation of resources for maintenance, offspring provisioning or growth. Similar segregation has been shown for juvenile southern elephant seals in terms of habitat use (Field et al. 2005a ) and metabolic differences (Field et al. 2005b) , which may thus influence growth. We propose then that selection has favoured sex-specific growth strategies whereby males take more risks when foraging to increase early growth, whereas females select less risky foraging strategies to minimize potential variation in diet that will have negative consequences for the survival of their future offspring.
We suggest that these different growth strategies are in response to differences in energy use (Field et al. 2005b ). Initially, 1-yr-old male and female body masses and energy reserves are similar. During the austral summer, all juveniles increase in length and body mass, but they also increase their blubber stores. During winter, however, 2 different growth strategies related to energy allocation emerge. Juvenile females continue to grow in length and mass while storing energy mostly as blubber. Males grow more slowly, but they become longer and leaner by allocating relatively more energy to lean tissue growth. Overall, these physiological strategies enable males to increase body size more quickly than females, while females use less and store greater proportions as fat (Field et al. 2005b ) in preparation for earlier maturity and the onset of breeding. Furthermore, an increase in body size has been shown to increase dive duration (Hindell et al. 1999 ) and depth capacity, and alter diet composition (Field et al. 2006) ; these trends, when combined with ontogenetic spatial segregation at sea, reduce the potential for intra-specific competition (Field et al. 2005a) .
The evolution of different growth strategies appears to provide the sexes with the means to maximise their long-term reproductive success when exploiting food resources in an extremely variable and seasonal environment. The female strategy of moderate growth to reproductive size and condition maximizes the probability of reaching breeding age (Festa-Bianchet et al. 2000 and references therein) where greater energy stores may be required to buffer females from periods of low availability or poorer quality of food. Alternatively, males increase the relative allocation of energy to somatic growth to attain a mating advantage, despite having a decreased probability of survival during times of reduced resource availability. Indeed, lower male survival (McMahon et al. 2003 ) during periodic poor-resource years may result from their need for greater blubber reserves to survive during periods of fasting on land or at sea (McConnell et al. 2002) when the smaller, fatter females are prone to do better.
Juveniles are potentially the component of the population most sensitive to variation in environmental factors affecting resource availability (Lindström 1999). Evidence from this study, combined with at-sea spatial use (Field et al. 2005a) , suggests that juveniles possess differential growth and habitat-use strategies that assist in reducing intra-specific competition for resources and promote optimal resource allocation for growth and maintenance, thereby increasing an individual's probability of survival and future breeding success. We suggest that a decrease in food availability and an increased requirement for protein use and storage in winter results in a reduction in the energy available for growth. This is likely to contribute to (1) a reduction in winter survival for males and (2) a delay in the age at primiparity for females. These results provide strong evidence for the proximate physiological mechanisms responsible for driving demographic patterns in longlived, sexually dimorphic species living in challenging environments.
